The lung develops from a very simple outpouching of the foregut into a highly complex, finely structured organ with multiple specialized cell types that are required for its normal physiological function. During both the development of the lung and its remodeling in the context of disease or response to injury, gene expression must be activated and silenced in a coordinated manner to achieve the tremendous phenotypic heterogeneity of cell types required for homeostasis and pathogenesis. Epigenetic mechanisms, consisting of DNA base modifications such as methylation, alteration of histones resulting in chromatin modification, and the action of noncoding RNA, control the regulation of information "beyond the genome" required for both lung modeling and remodeling. Epigenetic regulation is subject to modification by environmental stimuli, such as oxidative stress, infection, and aging, and is thus critically important in chronic remodeling disorders such as idiopathic pulmonary fibrosis (IPF), chronic obstructive pulmonary disease (COPD), bronchopulmonary dysplasia (BPD), and pulmonary hypertension (PH). Technological advances have made it possible to evaluate genome-wide epigenetic changes (epigenomics) in diseases of lung remodeling, clarifying existing pathophysiological paradigms and uncovering novel mechanisms of disease. Many of these represent new therapeutic targets. Advances in epigenomic technology will accelerate our understanding of lung development and remodeling, and lead to novel treatments for chronic lung diseases.
As is true for most tissues, the lung's development, as well as its response to injury, requires the coordinated proliferation, migration, and activation of the different cellular phenotypes already present, as well as phenotypic modulation and reprogramming to generate cells with specialized function. The genome contains the information to direct these events but is insufficient per se. Gene expression must be activated or silenced in a temporally coordinated way in response to developmental or injury/repair signals, and the information passed on to daughter cells as reprogrammed cells divide. This level of control is generally mediated by epigenetic mechanisms. This review will focus on epigenetic mechanisms in lung parenchymal remodeling. Most of the published work in this area is relevant to pulmonary fibrosis, particularly idiopathic pulmonary fibrosis (IPF), and to chronic obstructive pulmonary disease (COPD), although other conditions, such as bronchopulmonary dysplasia (BPD), will be considered as well. Other excellent publications have reviewed epigenetic mechanisms of lung development (48) , cancer (14, 32) , and airways disease (1, 25, 83) .
Epigenetic mechanisms are central to reprogramming of cellular phenotypes (38) and are known to be altered in cancer, normal development, and aging, and in responses to the environment. Many of these paradigms are associated with IPF and COPD. Epigenetics is defined as any modification of the genome or of gene expression not resulting from alteration in DNA nucleotide sequence. Many epigenetic alterations are heritable, affecting daughter cells. If an environmental stimulus causes epigenetic changes in the germline, these alterations can be transmitted to subsequent generations. There are three major processes of epigenetic modification: direct DNA methylation, chromatin (histone) modifications, and noncoding RNAs (ncRNAs). A number of epigenetic processes have been identified to play a role in IPF, including the three major epigenetic mechanisms: DNA methylation, histone modifications, and noncoding RNA (see FIGURE 1).
Major Mechanisms of Epigenetic Regulation

DNA Methylation
Covalent methylation of the 5= position of cytosine in the context of cytosine-guanine (CpG) dinucleotides is mediated by DNA methyltransferases (DNMTs) and generally results in tight packing of DNA and histones (heterochromatin), and in the long-term silencing of transcription. DNA methylation may result in gene silencing that can be propagated to daughter cells. Methylation is also responsible for silencing transposons and other parasitic elements; maintaining a normal pattern of genomic methylation is essential for health. The CpG content in the human genome is low (on the order of 1%), but most promoters have areas of high CpG content, often as long stretches of CpG known as "CpG islands." High CpG-content promoters tend to be unmethylated in "housekeeping" genes. However, in tissue-restricted genes, inactive X chromosomes in females, and in most imprinted genes, CpG islands tend to be methylated. In many types of cancer, there is global hypomethylation resulting in genomic instability, but hypermethylation of promoters in specific genes such as tumor suppressors (15, 77) . There are CpGs in areas up to 2 kb away from CpG islands, often referred to as "shores," which are methylated in a tissue-specific manner (44) . Variations on traditionally understood CpG methylation include hydroxymethylcystosine (5hMC) (41, 61, 92) and N6-methyl-adenine (100), methylation within gene bodies, and non-CpG methylation (3, 111) , the consequences of which are increasingly being studied.
Histone Modifications
DNA in the nucleus is organized into chromatin, together with RNA, histones, and other chromosomal and nuclear proteins. The biochemical composition and physical structure of chromatin have significant effects on transcriptional activity (10) . The modification of NH 2 -terminal tails of histones significantly affects the condensation of chromatin and access to the transcriptional machinery (51) . Transcriptionally active, "open" euchromatin generally has hyperacetylated and hypomethylated histones, whereas more inactive heterochromatin tends to be hypoacetylated and hypermethylated. In addition to acetylation and methylation, which have been extensively studied (12) , histones can be phosphorylated (5), nitrated (53) , ubiqutinylated (101) , and SUMOylated (88) . Some histone methylation patterns have been extensively characterized; for example, trimethylation of histone 3 at the lysine 4 position (H3K4me3) is often found at transcription start sites and strongly correlates with active transcription, whereas H3K36me3 is often found associated with the gene body of actively transcribed genes. In contrast, H3K9me3 is often associated with the promoter region of repressed genes. However, H3K9me3 enrichment within the gene body is associated with active expression (7, 10) . Combinations of histone modifications have been associated with different types of regulatory elements in genome-wide mapping studies; for example, enrichment of H3K4me3, H3K9ac, and H3K27ac is characteristic of active promoters, whereas chromatin regions enriched for H3K4me2/3 and H3K27me3 tend to be associated with silent or "poised" promoters. Active enhancer regions are characterized by H3K4me1/2 and low H3K4me3 (26).
Certain molecular complexes regulate chromatin structure and gene expression by altering the position of the nucleosomes. SWI/SNF, ISWI, NuRD, and INO80 complexes remodel the chromatin architecture of target promoters in an energydependent manner, altering the access of the transcriptional machinery to particular loci (30). Many chromatin remodeling complexes contain catalytic subunits such as Brahma (Brm) and Brahma-related gene-1 (Brg1), which have an important role in lung development. Brg1 interacts with Nkx2-1, a critical regulator of lung development, facilitating its binding to the mouse Sftpb promoter, facilitating transcription (13); Brg1 interaction with Smad3 increases the expression of some TGF-␤-inducible genes (104) . Deletion of Brg1selectively in lung epithelial cells results in rapid tumor development (13) . The threedimensional structure of chromatin and its remodeling are considered another level of epigenetic regulation, which is beyond the scope of this review (59, 67) .
Noncoding RNA
Eukaryotic genomes transcribe large numbers of RNAs that have no coding capacity. In addition to microRNA (miRNA), other forms of ncRNA include Piwi-interacting RNA (piRNA), short interfering RNA (siRNA), and promoter-linked long noncoding RNA (plncRNA), enhancer-linked ncRNA (elncRNA), and long intergenic ncRNA (lincRNA) (17) . Small (ϳ20 -30 nucleotide) ncRNAs, including miRNA, piRNA, and siRNA, are the best characterized and have been found to play major roles in gene regulation at many levels of gene function, including chromatin architecture, RNA processing and stability, and protein translation. In distinction to siRNAs, which target specific mRNAs, miRNAs may target multiple genes, their proteins products, and expression networks. According to miRBase (56), there are currently over 1,800 human miRNAs, which regulate Ͼ60% of protein-coding genes (72) . In the developing mouse lung, miRNAs are developmentally regulated in a cell type-specific manner (65) . Environmental toxins can alter the lung miRNA profile (46, 109) . Early life events and exposures can thus modify miRNA profiles during lung development and alter susceptibility to lung diseases throughout the lifespan. Silencing miRNAs in vivo (e.g., using oligonucleotides termed "antagomirs") is feasible and has been applied in vivo in animal models of lung disease (57, 74) , offering the potential of miRNA-based therapeutic strategies for clinical use.
Epigenetic Alterations Associated With Lung Diseases
Idiopathic Pulmonary Fibrosis
Studies have increasingly demonstrated that abnormal DNA methylation patterns alter expression of many genes involved in IPF pathogenesis. DNA methylation leads to silencing of Thy-1 in lung fibroblasts in vitro and in vivo, promoting myofibroblastic differentiation and resistance to apoptosis (85, 86) . Thy-1 promoter hypermethylation was confirmed in Thy-1(Ϫ) myofibroblasts within the characteristic fibroblastic foci (FF) in IPF, in contrast to the overlying epithelial cells which express Thy-1. Thus DNA methylation can be differentially regulated in distinct cell types within the same pathological lesion. Subsequently, others have found that hypoxia promotes hypermethylation of Thy-1 in lung fibroblasts, indicating that hypoxic modification of DNA methylation can induce myofibroblastic differentiation (82) . Other studies have also demonstrated promoter methylation associated with transcriptional silencing of other IPF-associated genes (16, 35, 39) . Methyl CpG binding protein 2 (MeCP2) binds to the alpha smooth muscle actin (␣-SMA) promoter and alters its expression in fibroblasts (36) . In addition, poly-(ADP-ribosyl)ation (PARylation), mediated by members of the poly(ADP-ribose) polymerase (PARP) superfamily (principally PARP-1), affects myofibroblast differentiation in IPF by suppressing methylation in the ␣-SMA gene and modulating the binding of Smad3 to its binding element in the ␣-SMA promoter (37) . It has been hypothesized that epigenetic mechanisms promote fibrosis in multiple tissues by preventing fibroblasts from returning to their resting state once they are activated (103) .
Two published studies have measured DNA methylation more globally in the context of IPF. The studies used different controls and different platforms for assessing methylation. One study demonstrated differential methylation of 625 CpG islands between IPF lung tissue and control samples (uninvolved tissue from cancer resections). The majority (91.2%) of the differentially methylated regions (DMRs) were outside promoters (e.g., in intronic, exonic, or intergenic areas) (80) . This study reported that methylation patterns in IPF had similarities to both control and lung cancer tissues, and thus might represent an intermediate condition. Another study compared transcriptome (from RNA expression microarray) to DNA methylation (Illumina BeadChip) in lung tissue from IPF subjects and normal controls (84) , identifying 835 DMRs. Analysis of genes having twofold difference in expression and statistically significant differences in methylation, in which expression and methylation were inversely correlated, revealed 16 genes, 12 of which had already been described as relevant to fibrotic remodeling in the lung or elsewhere. The study confirmed differences in expression of the remaining genes at the RNA and protein levels in IPF samples. These two genome-wide methylation studies employed different techniques, so there was little overlap between the two studies in the genes found to be differentially methylated and expressed. Both studies carried out pathway analysis of their respective datasets, however, and both found that cellular assembly and organization and cell growth and proliferation were important paradigms regulated by DNA methylation. These studies, although limited by small sample sizes and some technical limitations, nonetheless underscore the importance of alterations of the epigenome in the pathogenesis of IPF and pave the way for more detailed studies using newer sequence-based technologies.
A number of studies have demonstrated alterations in histone modifications that affect the expression of individual genes in the context of IPF, including cyclooxygenase-2 (COX-2), interferon gamma-induced protein 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1), Thy-1, IL-6, PAI-1, ␣SMA, and Fas (2, 18, 19, 40, 87, 93, 94) . Histone deacetylases (HDACs) have been shown to modify lung myofibroblast differentiation (28). Trichostatin A (TSA), an HDAC inhibitor, blocked transforming growth factor ␤1 (TGF-␤1)-mediated ␣-SMA and ␣ 1 type I collagen mRNA induction in normal human lung fibroblasts. In another report, TSA was found to induce Thy-1 expression in Thy-1(Ϫ) fibroblasts, as well as induce demethylation of CpG sites in the Thy-1 promoter region (87), demonstrating interaction among the different epigenetic paradigms.
A study of profibrotic fibroblast phenotypes from both a murine model of lung fibrosis and IPF patient-derived fibroblasts demonstrated that altered HDAC2 and HDAC4 expression underlies the differential association of the Fas promoter with acetylated histones, and that treatment of profibrotic fibroblasts with HDAC inhibitors increased Fas expression and restored susceptibility to Fasmediated apoptosis (40) . Another study demonstrated that spiruchostatin A (SpA), a class-I selective HDAC inhibitor, inhibited proliferation and differentiation of IPF fibroblasts (22). The accelerated epithelial senescence observed in IPF can be antagonized by sirtuin (SIRT) 6, a class III HDAC (71) . HDAC inhibitors have been proposed as novel therapeutics for fibrotic diseases characterized by fibroblast activation (76) . So far, no genome-wide histone modification profiles have been reported in IPF.
A great deal of evidence indicates a number of roles for miRs in the pathogenesis of IPF (20, 21, 62, 63, 70, 73, 74, 78, 106, 107) . For example, TGF-␤1 upregulates miR-21 in mice following bleomycininduced lung fibrosis as well as in IPF lung tissue (63) . Conversely, TGF-␤1 suppresses miR-29 expression, resulting in increased expression of profibrotic target genes and worse fibrosis (20) . Interestingly, a majority of miRs increased in IPF are localized to chromosome 14q32, and many are members of the mir-154 family, which modulates the WNT/␤-Catenin pathway (70) . An interesting recent study of IPF fibroblasts showed that argonaute (AGO)1 and AGO2 [part of the RNA-induced silencing (RISC) miRNA processing complex] were decreased in rapidly progressive IPF compared with normal or slowly progressive IPF biopsies and fibroblasts (73) . Another recent study found that expression of the miR-17ϳ92 cluster is decreased in IPF associated with hypermethylation of the miR-17ϳ92 promoter (21) . This cluster is important in lung development and lung epithelial homeostasis (66, 98) . Remarkably, methylation of the miR 17ϳ92 promoter correlated inversely with lung function, showing a direct correlation of an epigenetic alteration and a physiological measurement in lung fibrosis (21) . See Table 1 for additional miRs implicated in IPF pathogenesis. The interaction between miRNAs and DNA methylation machinery appears to be important in regulating fibroblast phenotypes and fibrosis in other tissues as well (90) . A re-analysis of published studies of miRs and expression arrays in IPF indicated that the TGF-␤1, Wnt, sonic hedgehog, p53, and vascular endothelial growth factor pathways are regulated by miRNA networks in IPF (75) . It has been hypothesized that, in IPF, the aberrant expression of miRs that regulate or are regulated by TGF-␤1 leads to release of inhibitions on the TGF-␤1 pathway and the formation of feedforward loops (74) .
Chronic Obstructive Pulmonary Disease
Epigenetic alterations in asthma and chronic obstructive pulmonary disease (COPD) have been expertly reviewed recently (50, 108) . In both of these very highly prevalent disorders, epigenetic regulation of inflammatory responses, resulting primarily from exposure to environmental stimuli, plays a prominent role in alteration of the cellular phenotypes that drives pathogenesis. In common diseases such as these, where genetic variation has been found to account for only a small portion of the risk, epigenetic alteration is likely a key link between genetic susceptibility and disease expression (9) . As is the case for IPF, a number of recent studies have begun to address epigenetic alterations more globally in COPD (epigenomics). The first of these measured genome-wide DNA methylation in two large family cohorts, one of which included nonsmokers with COPD, using DNA from white blood cells (79) . A total of 3,565 CpG sites were statistically significantly differentially methylated (P value of Ͻ0.05) genome-wide in the initial cohort. Interestingly, the top-ranked differentially methylated gene based on both diagnosis and severity (FEV 1 ) was SERPINA1, the gene for alpha-1 antitrypsin, which is arguably the best characterized monogenic cause of COPD. Using more stringent statistical criteria in both cohorts and association with severity, 349 DMRs were identified, 95% of which were hypomethylated and 70% of which were outside of CpG islands. Gene ontology (GO) analysis indicated overrepresentation of immune and inflammatory system pathways, responses to stress and external stimuli, as well as wound-healing and coagulation cascades among these 349 DMRs (79) . Similar to the epigenomic studies in IPF, this study identified differential methylation of a large number of genes with either known association with COPD or significant biological plausibility, underscoring the robustness of this type of analysis. A limitation is that the changes were not measured in the lung, the target tissue in COPD. A subsequent study by the same group used a more extensive methylation platform in the same patient cohorts to analyze the effects of corticosteroid use in COPD (99) . Using a combination of statistical models, a total of 511 sites were significantly associated with current steroid use. Pathway analysis indicated significant enrichment for intrinsic membrane components, hemostasis and coagulation, cellular ion homeostasis, leukocyte and lymphocyte activation and chemotaxis, protein transport, and responses to nutrients.
Landmark studies demonstrated an imbalance of HDAC and HAT activity in COPD and asthma, with reduction in HDAC2 activity and increased HAT activity (45) . Subsequent studies have shown a critical role for HDAC/HAT imbalance in mediating steroid resistance and established histonemodifying enzymes as important therapeutic targets in inflammatory airway disease (6, 24) . Other HDACs, such as HDAC7, may play a role in the abnormal adaptation to hypoxia seen in COPD (95) . Oxidant stress, such as that associated with cigarette smoke, environmental toxicants, and aging, modifies chromatin remodeling, which can significantly alter gene expression. The interaction of oxidant stress with HDACs and histone acetyltransferases (HATs), with subsequent effects on inflammation, autophagy, and senescence in the context of COPD, has been very well reviewed recently (91) .
Muscle dysfunction is a common complication of COPD, which affects exercise tolerance, quality of life, and survival. Recently, several interesting studies have shown interaction among epigenetic mechanisms, including miRNAs and chromatin modification, which lead to muscle dysfunction in COPD and may offer novel therapeutic targets (8) .
Other Parenchymal Lung Diseases
The etiology of chronic lung disease of prematurity, also known as bronchopulmonary dysplasia (BPD), is complex, multifactorial, and incompletely understood, but is thought to result from a very immature, developing lung subjected to inflammation, hypoxic, or hyperoxic stress and ventilatorassociated trauma. The lung in BPD is characterized by inhibited alveolar development (IAD), with "simplified" alveoli and abnormal vascular remodeling, resulting from disordered reprogramming of lung cell phenotypes and abnormal cellular communication. Because epigenetic mechanisms are critical to normal lung development and many of the etiological mechanisms of BPD have epigenetic effects, it follows that epigenetic studies may clarify much of the pathophysiology of this disorder and offer new therapeutic targets.
Gender affects susceptibility to BPD. One study has demonstrated gender-specific interaction of methyl CpG binding protein 2 (MeCP2) with the PPAR␥ promoter in a rat model of intrauterine growth retardation (IUGR), resulting in differential effects of PPAR␥ on impaired alveolarization of the lung (49) . In a preterm lamb model of BPD using mechanical ventilation, inhibition of histone deacetylation significantly improved alveolar formation in the lung associated with changes in specific histone modifications, suggesting that mechanical ventilation can cause epigenetic alterations that can be reversed pharmacologically with therapeutic benefit (29). Newborn mice exposed to hyperoxia show inhibited alveolarization associated with decreased HDAC1 and HDAC2 expression and increased p53 and p21; drugs that affect the activity of histone deacetylases may thus confer protection against hyperoxia-induced alveolar hypoplasia (64) .
The expression of numerous genes involved in the pathogenesis of pulmonary hypertension (PH) is epigenetically regulated (4, 102) ; a number of studies in experimental models of PH have described epigenetic alterations that could lead to novel therapeutic targets (54) . Histone demethylases alter the contractile and proliferative phenotype of fetal sheep pulmonary artery smooth muscle cells (PASMC) in vitro (105) . HDAC inhibitors reverse PH in mouse pups resulting from maternal undernutrition (81) , as well as improving hypoxia-induced PH in a rat model and altering epigenetically mediated changes in the expression profiles of adventitial fibroblasts and inflammatory cells in pulmonary arteries of calves with PH (60, 110) . The role of miRNA as pathophysiological mediators and therapeutic targets in PH has been recently reviewed elsewhere (27, 68).
Future Perspectives
There is an emerging view based on published studies to date of cooperative interaction among the genome, the environment, and the epigenetic machinery in conditions resulting in lung remodeling, such as IPF, COPD, BPD, and PH (see FIGURE 2) . Increasingly, interactions among the different epigenetic mechanisms have been shown to accelerate remodeling. Hypomethylated CpG in bacterial and viral DNA may promote rapid progression of pulmonary fibrosis via TLR9-dependent myofibroblast differentiation (69) . Because clinical progression in IPF could result from aberrant processing of miRNAs (73), it has been hypothesized that activation of pulmonary fibroblasts by hypomethylated DNA leads to aberrant miR processing, promoting rapid progression of fibrosis in the lung (34).
Epigenomic technology is advancing rapidly as cost is decreasing. Next-generation sequencing (NGS)-based mRNA analysis is making array-based transcriptomics a thing of the past. Advances such as ion semiconductor sequencing are putting NGS within reach of many laboratories. NGS-based analysis is very well suited to ncRNA, with the capacity to identify previously undescribed miRNAs, as well as other ncRNAs, which are biologically relevant and not incorporated into array-based techniques. NGS-based analysis of DNA methylation and histone modifications on an unbiased, wholegenome level have been published but are still beyond the scope of most laboratories. These genome-wide, single-base level approaches generate massive datasets with the burden of storage and analysis. In silico analysis of existing data offers a wealth of information without additional experimentation (42, 47, 58) . However, as NGS costs continue to decrease, it may become more costeffective to re-sequence samples than to archive massive datasets. The developing field of systems biology offers coordinated analysis of multiple "-omic" datasets to identify emergent systems (43) .
Epigenetic therapies are beyond the scope of this review but are in preclinical and clinical trials for many diseases (11, 31, 33, 52, 55, 97) . Most of the current epigenetic modifiers are DNMT inhibitors and HDAC inhibitors, but additional chromatin modifications can be targeted by a number of small molecule inhibitors. The future challenges in epigenetic therapeutics are increasing specificity and minimizing off-target effects. Antisense oligonucleotides can be used to specifically target miRNAs (23, 89, 96) . Targeting multiple miRNAs simultaneously may be necessary in complex pathologies, such as pulmonary fibrosis and COPD. It is possible that a personalized miRNA targeting approach may need to be developed for individual patients.
Notwithstanding the challenges ahead, epigenomics has become an integral part of our understanding of the complex process of tissue remodeling in multiple lung diseases and is likely to provide many breakthroughs that should improve quality and quantity of life for millions. Ⅲ J. S. Hagood receives funding from the National Heart, Lung, and Blood Institute (grants HL-082818 and HL-111169) and from the Pulmonary Fibrosis Foundation, and is the sole author of this review.
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